Polyomaviruses (PyVs) are a family of small nonenveloped, double-stranded DNA viruses that infect a variety of avian and mammalian species, with nine human PyVs described to date (49) . BK and JC PyVs are acquired during late childhood/early adolescence, and in the majority of healthy individuals, these viruses persist lifelong as silent infections (29) . However, in the setting of depressed immunity, these viruses are associated with life-threatening disease. Approximately 3% of HIV-1-seropositive individuals develop progressive multifocal leukoencephalopathy (PML), a usually fatal central nervous system (CNS) demyelinating disease caused by JC virus infection (35) . Recently, PML has emerged in a fraction of patients receiving VLA-4 monoclonal antibody (MAb) (natalizumab [Tysabri] ) therapy for multiple sclerosis or Crohn's disease and LFA-1 MAb (efalizumab [Raptiva] ) therapy for severe forms of plaque psoriasis (35) . Given this risk, Raptiva was withdrawn from the U.S. market despite accumulating evidence for its clinical efficacy in inflammatory bowel disease and transplantation, and Tysabri now carries an FDA "black box" warning. BK virus is the causative agent of PyV-associated nephropathy in kidney transplant patients and hemorrhagic cystitis in bone marrow transplant recipients (17, 46) . Recently, a novel PyV was identified as the probable etiologic agent for Merkel cell carcinoma, an aggressive cutaneous malignancy seen in elderly individuals, and another PyV has been discovered in a heart transplant patient with a hair follicle dysplastic disease. These findings resurrect early suspicions that PyVs may cause human malignancies (18, 53) . There are currently no effective antiPyV therapeutic agents. Defining host immunological mechanisms and therapies that control PyV infection is therefore critical for developing strategies to interdict PyV-associated morbidity in susceptible patients.
Virus-specific CD8 ϩ T cells traffic to sites of infection, where they deploy both cell contact-dependent and -independent mechanisms to quell viral replication (25) . CD8 ϩ T cell-mediated cytotoxicity may entail vectorial exocytosis of perforinand granzyme-loaded granules, ligation of Fas, or release of cytotoxic cytokines (e.g., tumor necrosis factor alpha [TNF-␣]); these antiviral effectors operate by inducing apoptosis of infected cells and/or by rendering uninfected cells nonpermissive for viral infection. The host defense against different viral infections variably requires these effector pathways (25) . For example, perforin-granzyme exocytosis is necessary for host immunity to infection by lymphocytic choriomeningitis virus (LCMV), murine AIDS retrovirus, and Ebola virus, whereas control of vaccinia virus infection is dependent upon TNF-␣ (23, 47) .
Gamma interferon (IFN-␥) constitutes another effector pathway executed by virus-specific CD8 ϩ T cells. IFN-␥ receptor ligation activates the Jak/Stat-mediated signal transduction pathway to orchestrate expression of genes whose promoters contain a gamma interferon activation site (GAS). GAS gene products modulate innate and adaptive immune responses by a variety of mechanisms, including upregulation of major histocompatibility complex (MHC) class I and II molecules, in-creased expression of ligands for costimulatory and inhibitory receptors, induction of the immunoproteasome, macrophage activation, and caspase-1 production (48) . In animal infection models using a variety of DNA and RNA viruses, IFN-␥ has been demonstrated to inhibit viral protein synthesis, block viral genome replication, and mediate noncytotoxic clearance of viral genomes from host cells (19, 22, 32, 43, 44) .
Because PyVs have a narrow host range, mouse PyV (MPyV) infection provides an important model to mechanistically interrogate PyV pathogenesis and immunity in a natural host. As with the human PyVs, MPyV establishes lifelong persistent infection that is asymptomatic in immunocompetent hosts (50) . Previous work from our group and others has identified CD8
ϩ T cells as central components of host immunity to MPyV infection and tumorigenesis (6, 16, 33) . Further, we have shown that mice that are deficient in perforin, Fas, or TNF receptors control MPyV infection and retain resistance to virus-induced tumors (10). Abend et al. recently reported that IFN-␥ reduces BK virus gene expression and viral replication in primary human renal tubular epithelial cells (1) . In this study, we show that IFN-␥ also confers antiviral activity against MPyV in vitro, and, using the MPyV infection model, we demonstrate that IFN-␥ contributes to host antiviral defense and has therapeutic efficacy when administered during persistent infection. These findings may have implications for treating human polyomavirus infections in immunocompromised individuals. /CyJ) mice were obtained from the Jackson Laboratories (Bar Harbor, ME). MPyV (strain A2) was propagated and titers determined by plaque assay as previously described (33) . Adult (8 to 12 weeks old) and newborn (Ͻ24 h after birth) mice were inoculated subcutaneously (s.c.) in hind footpads with 1.5 ϫ 10 6 PFU and 1 ϫ 10 5 to 5 ϫ 10 5 PFU of MPyV, respectively. Mice were followed up to 6 months postinfection (p.i.) for development of tumors. All protocols using mice were approved by the Institutional Animal Care and Use Committee of Emory University. Mice were bred and maintained by the Division of Animal Resources of Emory University.
MATERIALS AND METHODS

Mice
Assays for MPyV infection in vitro. Subconfluent monolayers of BALB.A31 (A31) cells (ATCC, Manassas, VA) were infected with MPyV at a multiplicity of infection (MOI) of 3 unless otherwise indicated. Primary cultures of baby mouse kidney cells (BMKs) from B6 and IFN-␥R Ϫ/Ϫ mice were prepared as previously described (33) . Recombinant mouse IFN-␥ (PeproTech, Rocky Hill, NJ) at the indicated concentration was added 24 h before infection, unless otherwise stated. Recombinant MPyV-HA virus was generated by inserting the coding sequence (TACCCATATGACGTACCTGATTACGCA) for the influenza virus hemagglutinin (HA) epitope tag (YPYDVPDYA) in frame at the Blp1 restriction site in the large T antigen (LT)-coding sequence, as described elsewhere (3). Intracellular HA epitope tag staining with a primary anti-HA rat monoclonal IgG antibody (clone 3F10; Roche Diagnostics, Basel, Switzerland) and an allophycocyanin-conjugated secondary goat anti-rat IgG (BD Bioscience, San Diego, CA) was performed using CytoFix/CytoPerm (BD Bioscience) per the manufacturer's instructions. Single-infection-cycle virus replication assays were performed using A31 or primary BMKs infected with MPyV at an MOI of 0.1 for 60 h, with the viral titer measured by plaque assay (40) . Immunofluorescence detection of LT was performed on 3T3 cells plated on glass coverslips that were untreated or treated with 100 U/ml recombinant mouse IFN-␥ for 24 h before and through the 48-h infection period and then fixed and stained with polyclonal rat T antigen antibody, and images were acquired and LT ϩ nuclei counted as previously described (51) . Western blotting was performed on similarly treated 3T3 cells using a pan-T antigen monoclonal antibody (clone F4) as described previously (51) ; the membrane was then stripped and reprobed with antitubulin antibody (clone DM1A).
Flow cytometric analysis. Kidney-infiltrating lymphocytes were isolated via collagenase digestion followed by Percoll gradient separation as previously described (37) . Red blood cell (RBC)-lysed blood, collected via submandibular incision into ACD solution A anticoagulant (BD Biosciences), and RBC-lysed splenocytes were stained with monoclonal antibodies against the following molecules: CD44, CD62L, CD8␣, Thy1.1, human granzyme b, IFN-␥, interleukin-2 (IL-2), TNF-␣, and Bcl-2 (BD Bioscience); CD27, CD122, CD127, IFN-␥R, PD-1, LAG-3, and TIM-3 (eBioscience, San Diego, CA); CD43 (Biolegend, San Diego, CA); and KLRG1 (Southern Biotech, Birmingham, AL). H-2D b LT359 and H-2K b MT246 tetramers were generated and provided as previously described by the NIH Tetramer Core Facility (Atlanta, GA) (30) . Staining was performed at 4°C for 45 min. Flow cytometry was performed on a FACSCalibur instrument (BD Bioscience, San Diego, CA) and data analyzed using FlowJo software (TreeStar, Inc., Ashland, OR). Ex vivo peptide stimulation was performed for 4.5 h with the indicated peptide (1 M) in the presence of brefeldin A. Kidney-infiltrating lymphocytes were stimulated as described above with the addition of 1 ϫ 10 6 B6.PL splenocytes as antigen-presenting cells. Cells were surface stained as described above and then fixed, permeabilized, and stained intracellularly with the indicated Ab according to the manufacturer's instructions (BD Bioscience).
Quantitation of MPyV infection by PCR and plaque assays. DNA was extracted from the indicated organs and viral genome copies quantified using oligonucleotide primers and a TaqMan probe to the early viral genes, as previously described (30) . Plaque assays on spleen and kidney samples were performed as previously described (41) .
Therapeutic administration of IFN-␥. B6 mice infected with MPyV for 45 days received either phosphate-buffered saline (PBS) or 2 ϫ 10 4 U of recombinant mouse IFN-␥ intraperitoneally (i.p.) every 12 h for 14 days.
Kidney transplantation. Transplantation of B6 and IFN-␥R Ϫ/Ϫ kidneys into nephrectomized B6 recipients was performed as previously described (24) . At 1 day posttransplant, recipient mice received 1 ϫ 10 6 PFU MPyV s.c. Viral genome copies in donor kidneys were quantified by PCR at 30 days p.i.
Statistical analysis. Student's t test with Welch's correction for variance was used for all experiments, and analysis was performed using Prism statistical software (GraphPad, La Jolla, CA). (Fig. 1D ), excluding the possibility that IFN-␥ mediates its antiviral activity through an alternate receptor. To determine whether IFN-␥ inhibited production of infectious MPyV progeny, we assessed viral output by single-cycle viral replication assays in both A31 cells and primary BMKs exposed to IFN-␥ for 24 h preceding and throughout a 60-h infection period. As shown in Fig. 1E and F, both cell lines and primary cells treated with IFN-␥ yielded approximately 50% and 70% lower viral outputs, respectively. In the absence of IFN-␥ receptors, exogenous IFN-␥ had no effect on the permissivity of host cells for productive MPyV infection.
RESULTS
IFN-␥ inhibits
We then investigated when IFN-␥ exerts its antiviral activity. MPyV genomic DNA was enumerated by quantitative PCR at various time points following infection in the absence or presence of IFN-␥. Without IFN-␥, viral genome numbers were relatively unchanged from input levels through the initial 24 h of infection, but then they exponentially increased during the ensuing 54-h culture period (Fig. 1G) . Similarly, IFN-␥ treatment had no detectable effect on viral genome numbers in the first 24 h but thereafter dampened the accumulation of viral genomes. The observed delay in IFN-␥'s anti-MPyV activity fits with our findings that only modest decreases in HA ϩ cells or HA MFI by MPyV-HA-infected A31 cells were seen over the first 24 h of infection, regardless of whether the cells were Data are from 3 to 6 independent experiments, and standard errors of the means (SEM) are shown. * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001.
exposed to IFN-␥ 1 day before infection or at the time of infection (data not shown). We next examined whether the antiviral activity of IFN-␥ against MPyV is mediated by inducing cell death or inhibiting cell proliferation. A31 cells were stained with the vital dye 7-aminoactinomycin D (7-AAD) and the phosphatidylserine binding protein annexin V at 48 h after infection in the presence or absence of IFN-␥. As shown in the left panel of Fig.  2A , only a small fraction of live cells were stained by annexin V (annexin V ϩ , 7-AAD Ϫ ) in the absence of MPyV infection, and the percentage of apoptotic cells increased marginally with infection irrespective of treatment with IFN-␥. Furthermore, MPyV infection with or without IFN-␥ treatment did not result in an increased frequency of late apoptotic/necrotic cells (7-AAD ϩ ) ( Fig. 2A, right panel) . Because PyV replication requires cell cycle progression, IFN-␥'s antiproliferative activity for certain cell types may account for the decreased MPyV-HA gene expression in IFN-␥-treated host cells (52) . By counting A31 cells that exclude trypan blue, we found that IFN-␥ did not affect accumulation of viable cells over the 72-h observation period. However, when IFN-␥-treated cells were infected by MPyV-A2, there was a significant reduction in cell number (Fig. 2B) . Because LT overrides cell cycle checkpoints (13) , these data suggest that IFN-␥ handicaps T antigen-driven host cell proliferation by reducing T antigen expression and subsequent accumulation of viral genomes needed for replication. phases of infection; however, the kidneys of IFN-␥R Ϫ/Ϫ mice showed significantly higher viral loads as early as the acute phase of MPyV infection (8 days p.i.) and a significant 1-to 2-log difference during the persistent phases of infection (Fig.  3, lower panel) . Interestingly, two adult IFN-␥R Ϫ/Ϫ mice developed gross tumors by 150 days p.i., while no wild-type mice developed tumors (Table 1) . Because higher viral loads are also seen in neonatally MPyV-inoculated mice of tumor-susceptible strains (40), we investigated whether IFN-␥R Ϫ/Ϫ mice inoculated as newborns would be predisposed to MPyV-induced tumors. B6 mice inoculated as newborns are highly resistant to MPyV tumorigenesis (21); however, 100% of neonatally infected IFN-␥R Ϫ/Ϫ mice developed tumors by 6 months of age (Table 1) . Interestingly, while IFN-␥R Ϫ/Ϫ mice developed the typical constellation of MPyV-induced tumors (i.e., kidney, bone, mammary gland, and salivary gland) (12), these mice also developed connective tissue tumors localized to the hind footpads, the site of virus inoculation. Thus, these data demonstrate that the absence of IFN-␥R signaling impairs the ability of the host to control MPyV infection and maintain resistance to virus-induced tumors.
IFN-␥R signaling reduces fitness of the MPyV-specific CD8
؉ T cell response. Based on substantial evidence that high persistent virus levels negatively impact antiviral CD8 ϩ T cell function (54, 56), we reasoned that the higher viral loads in the IFN-␥R Ϫ/Ϫ mice would render MPyV-specific CD8 ϩ T cells dysfunctional. Further, cell-intrinsic IFN-␥R signaling has also been reported to foster expansion of virus-specific CD8 ϩ T cell effectors and their differentiation into memory cells (58) . We first compared recruitment and maintenance of MPyV-specific CD8 ϩ T cells in wild-type B6 and IFN-␥R Ϫ/Ϫ mice by longitudinally tracking circulating CD8 ϩ T cells that recognize the dominant D b -restricted LT359 epitope in individual MPyVinfected mice (30) . As shown in Fig. 4A , B6 mice mount a vigorous, LT359-specific CD8 ϩ T cell response that peaks at around day 8 p.i., contracts through 15 to 21 days p.i., and is then maintained long-term. IFN-␥R Ϫ/Ϫ mice mount an equally strong LT359-specific CD8 ϩ T cell response during the acute phase of infection, but the response shows a short delay in the rate of contraction and then persists at frequencies similar to those in MPyV-infected B6 mice. This extended contraction phase fits with that previously reported for antigen-specific CD8 ϩ T cell responses in IFN-␥R Ϫ/Ϫ mice infected by Listeria monocytogenes (5) . The splenic LT359-specific CD8 ϩ T cell population was slightly higher in acutely and persistently infected IFN-␥R Ϫ/Ϫ than in B6 mice, in terms of both frequency of CD8 ϩ T cells and total numbers (Fig. 4B and data not shown). This phenotype in IFN-␥R Ϫ/Ϫ mice was recapitulated at the level of cytokine effector function, where ex vivo stimulation of splenocytes with LT359 peptide elicited a higher proportion of CD8 ϩ IFN-␥ ϩ cells coproducing either TNF-␣ alone or both TNF-␣ and IL-2 (Fig. 4C) . This numerical and functional disparity also applied to the subdominant K b MT246-specific anti-MPyV CD8 ϩ T cell response (data not shown). Phenotypic analysis revealed a significantly improved LT359-specific CD8 ϩ T cell response in mice lacking IFN-␥ receptors (Fig. 4D) . In particular, only 15 to 20% of D b LT359 tetramer ϩ CD8 ϩ T cells in either wild-type or IFN-␥R Ϫ/Ϫ mice expressed PD-1, and they did so at a low MFI (Fig. 4D) . No detectable staining by MAbs against LAG-3, Tim-3, or 2B4 was evident at days 8, 43, and 200 p.i. (data not shown); thus, no phenotypic or functional (Fig. 4C ) signs of T cell exhaustion were apparent (8, 57 mice showed significantly earlier acquisition and higher expression of IL-7R␣ (CD127) and the costimulatory molecule CD27, with a more rapid decline of the cell senescence marker KLRG1. CD43 expression was also higher on LT359-specific CD8 ϩ T cells in IFN-␥R Ϫ/Ϫ mice, suggesting that these cells may be in a more activated state (27) , possibly resulting from more frequent encounter with infected cells than those in wildtype mice. Finally, IFN-␥R Ϫ/Ϫ and B6 mice expressed equivalent levels of granzyme B over the course of MPyV infection. In aggregate, these data suggest not only that IFN-␥R Ϫ/Ϫ mice generate an anti-MPyV CD8 T cell response that is comparable in magnitude, phenotype, and function to that of wild-type mice but also that lack of IFN-␥ receptor signaling favors a qualitatively more fit antiviral CD8 ϩ T cell response. Because IFN-␥ modulates T cell trafficking to nonlymphoid organs by upregulating expression of chemokines and integrins (9, 45), we asked whether diminished migration of antiviral CD8 ϩ T cells to IFN-␥R Ϫ/Ϫ kidneys may be associated with elevated viral loads. Using acutely MPyV-infected mice, we found similar numbers of infiltrating D b LT359 tetramer ϩ CD8 ϩ T cells in the kidneys of IFN-␥R Ϫ/Ϫ and wild-type B6 mice (Fig. 4E) . Additionally, kidney-infiltrating LT359-specific CD8 ϩ T cells in IFN-␥R Ϫ/Ϫ mice expressed a phenotype similar to that seen in the spleens of their respective hosts (Fig. 4D and data not shown). We also found no difference in the ability of kidney-infiltrating CD8 ϩ T cells to produce IFN-␥ or TNF-␣ upon direct ex vivo stimulation, suggesting that the deficiency in IFN-␥R signaling had no effect on the cytokine potential of infiltrating cells (Fig. 4E and data not shown) . These data indicate that the higher MPyV levels in IFN-␥R Ϫ/Ϫ kidneys cannot be explained by impaired migration or function of kidney-infiltrating antiviral CD8 ϩ T cells. Lack of IFN-␥R signaling at the site of persistence results in significant loss of MPyV control. Because the kidney is a major site of persistence for human PyVs and in order to circumvent potential effects of IFN-␥R deficiency on T cell development and homeostasis that could influence MPyV immunity, we transplanted kidneys from IFN-␥R Ϫ/Ϫ or wild-type B6 mice into nephrectomized B6 mice, which received MPyV at 1 day posttransplantation (Fig. 5A) . We then assessed viral loads in the donor kidneys at day 30 p.i. As shown in Fig. 5B , the number of viral genomes was approximately 50-fold higher in kidneys from IFN-␥R Ϫ/Ϫ donors. Interestingly, this difference in persistent virus levels between IFN-␥R Ϫ/Ϫ and wild-type donor kidneys mirrors the difference seen between kidneys of nontransplanted IFN-␥R-deficient and -sufficient mice (Fig. 3) . Despite this increased viral burden, recipients of IFN-␥R Ϫ/Ϫ kidneys remained healthy and the kidneys were histologically similar to wild-type kidney isografts, with neither wild-type nor IFN-␥R Ϫ/Ϫ donor kidneys in infected recipients showing histologic features of polyomavirus-associated nephropathy (i.e., interstitial fibrosis, interstitial cellular infiltrates, interstitial edema, or tubular atrophy) (28) . The increased viral burden in IFN-␥R Ϫ/Ϫ kidney transplants could not be explained by a decrease in the numbers or function of kidney-infiltrating antiMPyV CD8 ϩ T cells. IFN-␥R Ϫ/Ϫ and wild-type kidney transplants contained comparable levels of MPyV-specific CD8 ϩ T cells, with no differences in ex vivo LT359 peptide-stimulated IFN-␥ and TNF-␣ production or expression of the molecules shown in Fig. 4D (Fig. 5C and data not shown) . Taken together, these findings support the conclusions that IFN-␥ is an anti-MPyV effector molecule in vivo and that the observed antiviral activity is manifested largely in the organ that harbors persistent PyV infection.
IFN-␥ therapy reduces persistent MPyV infection.
We then sought to determine whether IFN-␥ could exert a therapeutic effect against persistent MPyV infection. Persistently infected (30 days p.i.) B6 mice were given 2 ϫ 10 4 U IFN-␥ twice daily for 14 days, and then viral genomes were enumerated by quantitative PCR. As shown in Fig. 6A and B, the numbers of viral genomes were significantly lower in the spleen and kidney. It is important to note that this improved viral control was not associated with significant changes in the magnitude and function of the anti-MPyV CD8 ϩ T cell response (Fig. 6C and data not shown). In summary, these findings indicate that IFN-␥ is an important mediator of the host anti-MPyV defense and that it can operate therapeutically to reduce persistent infection.
DISCUSSION
Using the mouse PyV infection model, we provide evidence that IFN-␥ directly dampens viral replication in tissue culture cells and contributes to the antiviral control of PyV infection in a natural host. Mice having a targeted deletion of the IFN-␥ receptor were deficient in limiting MPyV replication during both the acute and persistent phases of infection, and IFN-␥R Ϫ/Ϫ mice were highly susceptible to MPyV-induced tumors.
This defect in anti-MPyV immunity was not associated with changes in the magnitude, phenotype, or function of the MPyV-specific CD8 ϩ T cell response in the spleen or kidney. We further show that confining defective IFN-␥ responsiveness to transplanted kidneys, a major reservoir for persistent MPyV as well as human BK and JC viruses (20) , results in higher viral loads and further suggests that IFN-␥ operates as a direct antiviral effector molecule in vivo. Finally, we show that IFN-␥ can operate as a therapeutic agent to improve viral control against persistent MPyV infection. Taken together, these findings demonstrate that IFN-␥ mediates anti-MPyV activity in vitro and in vivo.
The absence of changes in cell viability of either infected or uninfected cells argues against IFN-␥ having a direct cytotoxic effect on infected cells. However, we did find a significant reduction in cellular proliferation in MPyV-infected cells exposed to IFN-␥, but this was seen only at 48 h p.i., coincident with a significant reduction in LT expression and viral genome accumulation. Similarly, IFN-␥-mediated inhibition of BK virus replication could not be attributed to a block in cell growth, and Abend et al. saw a similar 24-h delay in IFN-␥-mediated inhibition of BK virus replication (1) . This delay indicates that IFN-␥ sabotages the MPyV life cycle at a point downstream of virion binding, uptake, intracellular trafficking, uncoating, and expression of early-region T antigens.
Several potential mechanisms may be invoked to account for IFN-␥ control of MPyV replication. As recently reported for the MHC locus, it is conceivable that IFN-␥ could trigger large-scale chromatin remodeling of the polyomavirus "minichromosome" genome and dysregulate its temporally coordinated transcription (11) . By altering proteasome activity or specificity, IFN-␥ may also accelerate turnover of MPyV T antigens. However, addition of proteasome inhibitors to the culture medium did not negate IFN-␥'s inhibitory effect on MPyV early protein expression (data not shown). STAT molecules activated by IFN-␥R signal transduction have been shown to repress gene expression (14) . There are several potential GAS sequences in the MPyV genome that could serve as sites for STAT binding and thereby interfere with viral DNA replication efficiency and/or perturb viral gene expression. Host cell kinases activated by MT antigen phosphorylate key serine/threonine residues in VP1 that are required for efficient VP1 assembly into capsids (31) ; by reducing expression of MT antigen and/or inhibiting host serine/threonine kinases, IFN-␥ may also impair capsid assembly. Finally, IFN-␥ is also a potent activator of indoleamine 2,3-dioxygenase (IDO), a tryptophancatabolizing enzyme that has been shown to inhibit replication of a number of viruses (2, 36, 42) . However, preliminary studies did not reveal differences in virus levels or in the magnitude, phenotype, and function of MPyV-specific CD8 ϩ T cells in persistently infected IDO Ϫ/Ϫ and wild-type mice (data not shown). In the absence of IFN-␥-mediated upregulation of MHC molecules, virus-specific T cell recognition of infected cells may also be handicapped by lower surface epitope density. Thus, IFN-␥ may operate to control MPyV infection both directly at the level of the host cell and indirectly by improving antiviral T cell immunosurveillance.
In light of recent reports documenting the salutary effects of IFN-␥ on pathogen-specific CD8
ϩ T cell responses, we were surprised to find that MPyV-specific CD8 ϩ T cell numbers and function were significantly improved in IFN-␥R Ϫ/Ϫ mice (4, 58, 59). Although higher viral loads (and presumably epitope density) in these mice are likely responsible for the heightened virus-specific T cell expansion, we found no evidence for T cell exhaustion. On the contrary, MPyV-specific CD8 ϩ T cells in IFN-␥R Ϫ/Ϫ mice were found to be phenotypically and functionally more fit than those recruited in wild-type B6 mice. These findings are in line with evidence that IFN-␥ may negatively impact T cell priming, IL-2 production, and post-effector T cell contraction (5, 26) . Experiments are in progress to determine whether this IFN-␥ inhibitory effect operates intrinsically at the level of MPyV-specific CD8 ϩ T cells or extrinsically. It is interesting to speculate that IDO, a key immunoregulatory enzyme involved in T cell peripheral tolerance, may dually mediate IFN-␥'s anti-MPyV activity (discussed above) and constrain the host virus-specific T cell response (38) . Given that PyVs persist silently in healthy hosts, an IFN-␥ negative-feedback mechanism may constitute a host strategy to guard against antiviral T cell-mediated immunopathology while concomitantly limiting infection and preventing reactivation.
Both innate and adaptive components of host immune defense against PyV infection are likely mobilized to supply IFN-␥. Because CD8 ϩ T cells are critical for controlling MPyV infection and tumorigenesis (6, 16, 33) , we favor the concept that CD8 ϩ T cells employ IFN-␥ as their central anti-MPyV effector mechanism. This is in line with recent studies suggesting that CD8 ϩ T cell-mediated control of HIV and simian immunodeficiency virus (SIV) cannot be attributed to their cytolytic effector function and that CD8 ϩ T cells capable of eliciting multiple cytokines/chemokines (i.e., polyfunctional T cells) are more efficient at controlling HIV infection (7) . MPyV persists predominantly in nonhematopoietic cells of epithelial and mesenchymal lineages (12) that are generally MHC class II negative. This further supports the likelihood that virus-specific CD8 ϩ T cells, rather than CD4 ϩ T cells, provide long-term IFN-␥-mediated MPyV immunosurveillance. Additionally, antibody-mediated depletion of NK1.1 ϩ cells during both the acute and persistent phases of MPyV infection has no effect on viral levels (unpublished observations). This evidence suggests that NK cells also fail to play a major role in controlling MPyV infection, consistent with the findings recently reported by Mishra et al. (39) . Given the well-documented ability of IFN-␥ to boost cell surface expression of peptide-MHC complexes and costimulatory molecules, our findings suggest that IFN-␥ provides a three-pronged strategy to control PyV infection by promoting T cell-mediated immunity, directly inhibiting viral replication in infected host cells, and inducing a nonpermissive state in uninfected neighboring cells.
Several epidemiologic studies have drawn an association between IFN-␥ and susceptibility to microbial infections. Increased susceptibility to Epstein-Barr virus (EBV)-associated posttransplant lymphoproliferative disease and human papillomavirus (HPV)-induced cervical carcinoma has been linked to nucleotide differences in IFN-␥ promoters that affect gene expression, and a higher frequency of chronic hepatitis B virus (HBV) infection is seen in individuals with particular IFN-␥R gene polymorphisms (15, 55, 60) . A number of studies have also documented a correlation between neutralizing autoantibodies to IFN-␥ and mycobacterial infections (34) . The data presented here, together with those of Abend et al. (1) , suggest that clinical studies may be warranted to investigate whether genetic/acquired defects which compromise IFN-␥ production or IFN-␥R signaling serve as host determinants that predispose recipients of kidney allografts to BK virus-associated nephropathy and/or patients receiving humoral immunotherapies to JC virus-induced PML. Finally, our findings raise the possibility that IFN-␥ may offer a therapeutic option for PyV infection and its associated diseases in the immunosuppressed population.
